This study evaluates oxidative DNA damage in workers who are exposed to cooking oil fumes (COFs) in Chinese restaurants. The study participants were 387 nonsmoking Chinese restaurant workers, 202 kitchen staff, and 185 service staff at 23 Chinese restaurants in Taiwan. Airborne particulate matter and particulate polycyclic aromatic hydrocarbon levels were monitored in kitchens and dining areas. Urinary 1-hydroxypyrene (1-OHP) was used as an internal dose of exposure to COFs, and urinary 8-hydroxy-2 ¶-deoxyguanosine (8-OHdG) was used as an oxidative DNA damage marker. The relationship between workers' 8-OHdG and 1-OHP levels was estimated using linear mixed-effects models. Airborne particulate matter and polycyclic aromatic hydrocarbons levels in kitchens significantly exceeded those in dining areas. The kitchen staff's geometric mean levels of urinary 8-OHdG (7.9 Mg/g creatinine) and 1-OHP (4.5 Mg/g creatinine) were significantly higher than those of the service staff, which were 5.4 and 2.7 Mg/g creatinine, respectively. Urinary 1-OHP level, work in kitchens, gender, and work hours per day were four significant predictors of urinary 8-OHdG levels after adjustments are made for covariates. Oxidative DNA damage was associated with exposure of Chinese restaurant workers to COFs. Female restaurant workers had a greater oxidative stress response to COFs than male restaurant workers, providing additional evidence of the link between lung cancer in Chinese women and exposure to COFs.
Introduction
Epidemiologic studies have established that Chinese women who are exposed to cooking oil fumes (COFs) at home suffer from high risks of respiratory diseases (1), lung cancer (2) (3) (4) (5) (6) (7) (8) , bladder cancer (9) , and cervical intraepithelial neoplasm (10) . However, studies have not investigated the health effects of exposure to COFs on cooks in Chinese restaurants, who may have potentially high occupational exposure to COFs. Two studies have yielded inconsistent results regarding the mortality of cooks in the United Kingdom. One prospective cohort study showed that cooks who had retired from the British Army suffered excess mortality from lung and large intestinal cancers, ischemic heart disease, cerebrovascular disease, and digestive disease over that of the general population (11) . The other retrospective study found that the mortality of cooks by all causes was markedly lower than that of the general population of England and Wales (12) .
COFs are produced and released into the environment when food is fried, stir-fried, or grilled using cooking oil at high temperatures. The degradation of sugar, the pyrolysis of proteins and amino acids, and the degradation of fat during the high-temperature treatment of food can generate harmful degradation products (13) , such as particulate matter (PM), polycyclic aromatic hydrocarbons (PAH; ref. 2) , aromatic amines (9), nitroPAHs (2, 5) , and aldehydes (13, 14) . Traditional Chinese cooking includes stir-frying and deep-frying, which generate significant amounts of COFs (15) .
Reactive oxygen species in living cells may cause oxidative damage to nucleic acids, proteins, and lipids. Such damage is regarded as being associated with aging, cancer, and other degenerative diseases. 8-Hydroxy-2 ¶-deoxyguanosine (8-OHdG) is the most common DNA lesion that is induced by the reaction of hydroxyl radicals with guanosine at the C-8 position in DNA (16) . DNA damage may be repaired by the base excision repair pathway, and the resulting repair product, urinary 8-OHdG, is affected by neither diet nor cell turnover (17) . Exposure to COFs promotes the lipid peroxidation of lung epithelial cells according to an in vitro study (15) . Oxidative stress caused by COFs may be implicated in the development of lung cancer in Chinese women (18) . The measurement of urinary 8-OHdG is useful in evaluating risks of lung cancer (19) and other oxidative stress-related diseases (20) .
Because the detrimental health effects of COFs are related to long-term exposure, a biological monitoring approach that can reveal an individual's accumulated internal dose is the preferred method for evaluating occupational exposure to COFs. Urinary 1-hydroxypyrene (1-OHP), a metabolite of pyrene (21) and one of the components of PAHs in COFs (22) , is a possible biological marker of exposure to COFs. Studies have shown that urinary 1-OHP is a good biological marker of exposure to PAHs in fire-fighting workers (23) , iron foundry workers (24) , and coke oven workers (25, 26) .
This study uses urinary 1-OHP level as an internal dose of COF exposure and 8-OHdG as a DNA oxidative damage marker. It evaluates the relationship between urinary 1-OHP and 8-OHdG and determines whether work in kitchens and the urinary 8-OHdG levels of workers in Chinese restaurants are related to their COF exposures.
Materials and Methods
Study Subjects. Originally, 548 restaurant workers who had been employed for at least 1 year in 23 Chinese restaurants in Taiwan in 2005 were recruited from two trade unions to respond to a questionnaire survey and to undergo a health check. All completed the survey and health check. Because cigarette smoking is a strong confounding factor of COF exposure, only the 387 nonsmokers were used as study subjects. The 23 Chinese restaurants, including both kitchen and dining areas, were designated as nonsmoking areas according to antismoking regulations. Trained interviewers met the participants between July 2005 and December 2005 to collect their demographic information, including age, work experience, main cooking methods, height, weight, number of years of working in kitchens, and health condition as well as information on their life-style, including cooking at home and exposure to secondhand smoke. Cooking at home and secondhand smoke exposure were deemed positive if either occurred on at least 4 days/wk.
Based on job titles obtained from responses to the questionnaire survey, the 387 Chinese restaurant workers (CRW) were classified into two groups. The kitchen staff included chefs, sous chefs, sauce chefs, executive chefs, and assistant cooks, who were relatively close to COFs in the restaurants. The service staff included receptionists, cashiers, waiters, and valets, who were exposed to relatively little COFs in the restaurants. Spot urine samples from the subjects were collected post-work shift during the weekend. All participants were asked to wash their hands before urine collection to prevent contamination. The Institute Review Board of the National Health Research Institutes in Taiwan approved the study. Informed consent was obtained from all subjects.
Exposure Measurement
Particulate PAHs. Daily area monitoring of particulate PAHs was done in the kitchens and dining areas of all 23 Chinese restaurants over 2 consecutive work days. Particulate PAHs in the workplace were sampled using the Institute of Occupational Medicine samplers with glass fiber filters (diameter, 25 mm; pore size, 0.7 Am) at a flow rate of 2.0 L/min. The samplers used in area monitoring were set at a height that was close to that of the breathing zone. Duplicate samples were obtained at each sampling location. Airborne particulate PAHs were monitored in the kitchens and dining areas on 2 consecutive work days, for 12 h on each work day, and then analyzed by high-performance liquid chromatography. Five PAH species, pyrene, benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), benzo(ghi)perylene (BghiP), and dibenzo(a,e)pyrene (DBaeP), were quantified using high-performance liquid chromatography. Each collected sample was extracted using 2 mL n-hexane in an ultrasonic bath for 20 min and 4 mL 5% NaOH was added before centrifugation at 3,000 rpm for 20 min. Then, dimethyl sulfate was added to a 1.5 mL suspension solution and condensed under nitrogen gas (N 2 ). The PAH content of the final solution was determined using a Shimadzu system high-performance liquid chromatography (Japan) with a system controller (SCL-10A) and a fluorescent detector (RF-10AXL) that was equipped with a semi-micro column (Kaseisorb LC ODS-60-5; 4.6 Â 250 mm). The mobile phase comprised CH 3 CN/H 2 O (9:1) solution at a flow rate of 1.0 mL/min. The detection limits were determined by conducting seven repeated analyses of the lowest standards of each PAH species. The coefficient of variation among these repeated analyses was <2% for all five PAHs. The detection limits were 0.28 pg for pyrene, 0.72 pg for BkF, 0.28 pg for BaP, 0.63 pg for BghiP, and 0.43 pg for DBaeP.
Particulate Matter. Continuous-area PM 10 , PM 2.5 , and PM 1.0 monitoring was done in each restaurant using laser dust monitors for masses in the range 0 to 100 mg/m 3 (Grimm Model 1.108; Grimm Labortechnik); 1-min mass level, temperature, and humidity were continually obtained. The dust monitors were placed near the PAH samplers in the workplace. The sampling duration and schedule for monitoring PM were the same as those for PAHs.
Urinary 1-OHP and 8-OHdG. Urinary 1-OHP was analyzed using high-performance liquid chromatography with a fluorescence detector. The detection limit was about 0.1 Ag/L, based on seven repeated analyses of 1-OHP at 15.0 Ag/L, and the variation in the coefficients from the repeated analyses of urinary 1-OHP was <10%. Urinary 8-OHdG level was measured using a highperformance liquid chromatography/MS/MS as has been described elsewhere (27) . A detection limit of 5.7 ng/L was obtained using seven repeated analyses of deionized water. The coefficients of variation in interday and intraday tests were <5%. Each individual's urinary 1-OHP and 8-OHDG levels were corrected based on the urine creatinine values, which were determined using an automated method based on the Jaffe reaction (28).
Statistical Methods. Urinary 8-OHdG and 1-OHP levels were first log-transformed to normalize their distributions before the Student's t test or regression analysis was done. Student's t and m 2 statistics were used to compare the personal covariates, which were the urinary 8-OHdG and 1-OHP of kitchen and service staff. Nonparametric Mann-Whitney U tests were conducted to compare the workplace PM 10 , PM 2.5 , PM 1.0 , and PAH levels of the kitchen and service staff. Spearman correlation analysis was adopted to evaluate the correlation between pyrene levels and levels of other PAHs in kitchens and dining areas.
All data from 387 nonsmoking restaurant workers were then included in linear mixed-effects models to identify significant predictors of workers' urinary 8-OHdG and 1-OHP levels. The subjects' gender, age, body mass index (BMI), work experience, whether they cooked at home, and whether they were exposed to secondhand smoking were treated as fixed effects, and each restaurant was treated as a random effect in the data analysis. The level for statistical significance was set to a = 0.05 in all tests. All data analyses were done using the S-PLUS 2000 program (MathSoft).
Results Table 1 provides descriptive statistics of 387 restaurant workers by job title. Their weight, BMI, years worked, work hours per day, gender distribution, and cookingat-home status differed significantly between service staff and kitchen staff. In contrast, age, height, hours worked per day, and exposure to secondhand smoke did not differ significantly between these groups. Table 2 presents the levels of PM and particulate PAHs in the kitchens and dining areas of 23 Chinese restaurants. PM and PAHs were monitored in 23 kitchens and 23 dining areas. Each measurement was an average over duplicate samples collected at each location on 2 consecutive work days. Because the samples were few, nonparametric Mann-Whitney U tests were used to compare the PM and PAHs between the kitchens and dining areas. The median levels of PM 10 , PM 2.5 , PM 1.0 , pyrene, BkF, BaP, BghiP, and DBaeP in the kitchens significantly exceeded those in the dining areas. The median total level of PAHs in the kitchens also significantly exceeded that in the dining areas.
Urinary 1-OHP is a metabolite of pyrene, which is just one of the many chemicals in COFs. Accordingly, the extent to which pyrene correlates with the other COFrelated chemicals is important given these other chemicals are likely causes of most of the oxidative stress. Therefore, a Spearman correlation analysis was used to investigate correlations between average pyrene levels and average levels of other PAHs. Pyrene levels were significantly correlated with BkF, BaP, BghiP, and total PAHs in both kitchens and dining areas as shown in Table 3 . Table 4 compares urinary levels of 8-OHdG and 1-OHP by job title and gender using Student's t test. Overall, the geometric mean 8-OHdG and 1-OHP levels of kitchen staff significantly exceeded those of service staff. This difference was significant for male CRWs. Only 8-OHdG levels differed significantly between the two locations for female CRWs. A significant gender difference existed in the 1-OHP levels of the service staff: females had significantly higher levels than males (P = 0.009). No gender difference was found for 1-OHP and 8-OHdG in kitchen staff or for 8-OHdG in service staff. This result is consistent with a previous study of nonoccupationally exposed subjects (29) . It also agrees an earlier study, which found that urinary 1-OHP level was significantly higher in female police officers than male police officers (30) . Exactly how urinary 8-OHdG and 1-OHP levels are related was evaluated using the Spearman correlation analysis as shown in Fig. 1 . Individual urinary 8-OHdG levels were positively related to individual urinary 1-OHP levels: greater urinary excretion of 1-OHP was associated with greater urinary excretion of 8-OHdG (Spearman correlation coefficient r = 0.329; P < 0.001; n = 387). Table 5 presents the results of linear mixed-effects regression models for predictors of urinary 1-OHP and 8-OHdG levels in restaurant workers. Kitchen work and gender were significant and positive predictors of urinary 1-OHP levels after adjustments were made for other covariates. Kitchen staff had higher urinary 1-OHP levels than service staff. The mean urinary 1-OHP levels of female CRWs significantly exceeded those of male CRWs (P < 0.05). However, cooking at home, exposure to secondhand smoke, number of hours worked per day, and other personal covariates were not significant predictors of urinary 1-OHP. However, urinary 1-OHP, work in kitchens, gender, and number of hours worked per day were significant predictors of urinary 8-OHdG levels after adjustments were made for other covariates. The increase in urinary 1-OHP was significantly related to the increase in urinary 8-OHdG (P < 0.001). The urinary 8-OHdG levels of the kitchen staff significantly exceeded those of the service staff (P < 0.05). The mean urinary 8-OHdG levels of female CRWs were also significantly higher than those of male CRWs (P < 0.05). Work in kitchens still had an effect after controlling for the effect of urinary 1-OHP in our models. However, cooking at home, exposure to secondhand smoke, number of years worked, number of days worked per week, age, and BMI were not significant predictors of urinary 8-OHdG levels in the restaurant workers.
Discussion
The above results show that ambient levels of total PAHs were closely correlated with pyrene levels inside restaurants. Both Student's t tests and linear mixed-effects models indicated that urinary 1-OHP levels differed significantly between CRWs with different exposures to COFs. These findings reveal that 1-OHP is a suitable internal dose of exposure to COFs among CRWs. Notably, cooking at home, exposure to secondhand smoke, number of years worked, number of work days per week, number of work hours per day, age, and BMI were not significant predictors of urinary 1-OHP in this study (P > 0.1). This finding is consistent with a previous study of urinary 1-OHP in male restaurant workers (31) .
Cooking at home is not a significant predictor of urinary 8-OHdG levels of CRWs. Cooking methods that are commonly adopted in restaurant kitchens include deep-frying, stir-frying, and grilling, all of which generate significant quantities of COFs (15, 32) . In contrast, the main cooking methods used by restaurant workers at home were steaming and stewing, neither of which generate significant amounts of COFs. These restaurant workers do not deep-fry, stir-fry, or grill foods at home because they are aware of the hazards of COFs as a result of having attended government training programs and thus are exposed to few or no COFs. However, the fact that cooking at home takes a few minutes while cooking at work continues for hours may also explain why home cooking is not a significant predictor of urinary 8-OHdG levels. The likelihood of exposure to secondhand smoke was small, because both the kitchen and the dining areas of all of the 23 surveyed restaurants were designated nonsmoking areas. Restaurant workers who smoked thus typically did so outdoors or in designated smoking areas. Therefore, secondhand smoke exposure did not significantly affect urinary 8-OHdG levels. This finding is consistent with a previous longitudinal study of urinary 8-OHdG levels in 68 healthy adults (33) .
Urinary 1-OHP, work in kitchens, number of hours worked per day, and gender were four major predictors of urinary 8-OHdG levels in CRWs. Urinary 1-OHP and work in kitchens were good indicators of exposure to COFs for predicting oxidative stress in workers at Chinese restaurants. The number of hours worked per day was a predictor of urinary 8-OHdG, revealing that urinary 8-OHdG is a short-term biomarker. One study showed that the half-life of the induced 8-OHdG was about 6 h (34). The use of work in kitchens as an independent predictor of 8-OHdG in linear mixed-effects regression models reveals that kitchen staff may be exposed to other unmeasured hazards, such as aldehydes (35) . This finding is consistent with an earlier study, which found that exposure to COFs, PAH carcinogens, and heterocyclic amines may contribute to oxidative stress (18) . Our findings suggest that kitchen staff are more likely to have oxidative stress than service area workers, which can be attributed to factors other than their urinary 1-OHP levels.
Some studies have shown an inverse relationship between urinary 8-OHdG levels and both age and BMI possibly because older or leaner individuals have higher metabolic rates than younger or obese individuals (36, 37) . However, this study did not determine that age or BMI influenced urinary 8-OHdG levels. The results herein are consistent with an earlier study of firefighters (38) . Another interesting finding is that female CRWs have higher excretion of urinary 1-OHP and 8-OHdG than male CRWs, which may reflect gender-related differences in the metabolism of PAHs mediated by endogenous mechanisms (30, 39, 40) .
This study has some limitations. First, other unmeasured data concerning COFs, such as levels of aromatic amines (9), nitro-PAHs (2, 5), and aldehydes (35), were lacking, possibly confounding the results concerning oxidative stress. The other limitation was the lack of data on the exposure to PAHs outside occupational settings, such as from vehicle traffic emissions and through cooking at home. However, the restaurant workers herein spent >10 h/d at the restaurants, including work and rest periods, but <1 h/d in traffic. The contribution of traffic sources to the PAH exposure of restaurant workers is thus assumed to be limited. Regardless of such limitations, this study concludes that urinary 8-OHdG is a good biomarker of oxidative DNA damage for CRWs because it reflects the internal dose of COFs (urinary 1-OHP), a proxy indicator of COF exposure (work location), and cumulative COF exposure (period of work experience as CRWs). An earlier pathologic study (41) determined that Chinese women are inclined to contract adenocarcinoma, rather than squamous cell carcinoma, indicating that lung cancer in such women may not be associated with smoking (3). Some epidemiologic studies have shown that the contamination of indoor air from cooking sources may be a risk factor for lung cancer in Chinese women. One study established that nonsmoking women had an 8.3 times higher risk of contracting lung cancer due to exposure to COFs (42) . The finding in this study that female restaurant workers had a greater oxidative stress response to COFs than male restaurant workers is additional evidence of the link between lung cancer in Chinese women and exposure to COFs. The results of this study show that CRWs are a group at high risk of exposure to COFs, and further study is required to clarify the health effect.
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